Context. The evolution of C and O abundances in the Milky Way can impose strong constraints on stellar nucleosynthesis and help understanding the formation and evolution of our Galaxy.
Introduction
A basic contradiction exists in the interpretation of [O/Fe] and [Mg/Fe] trends in the Galactic bulge (McWilliam & Rich 2004; Fulbright et al. 2007 ). The [O/Fe] Renzini 1983, Matteucci and Greggio 1986) In the McWilliam et al. (2008) paper we included yields for oxygen from massive stars with metallicity-dependent winds in detailed chemical evolution models for the bulge and disk of the Milky Way. In particular, we adopted the Maeder (1992) yields for massive stars including mass loss; these yields are a strong function of the stellar mass for stars at solar metallicity and above.
For masses larger than 25M ⊙ , the oxygen production is strongly depressed as a consequence of this mass loss. In the presence of a strong mass loss during the Main Sequence phase of massive stars, a larger amount of He and C are lost relative to stars evolving at constant mass. This fact produces two main effects: i) a larger production of He and C from stars with high metal content, ii) a smaller production of oxygen, due to lack of C which is lost instead of being transformed into O. In Maeder(1992) and Meynet & Maeder (2002) this yield effect is important only for the Z=0.02 models, while the yields of C and O from massive stars with metallicities of Z=0.004, and below, do not differ substantially from the yields computed without mass loss (e.g. Woosley & Weaver 1995) . This is due to the fact that mass loss in massive stars is a strong function of metallicity.
In McWilliam et al. (2008) we showed that the trends of [O/Mg] , [Mg/Fe] and [O/Fe] in Galactic bulge and disk stars can be well reproduced by models with the metallicity-dependent yields of Maeder (1992) . If these metallicity-dependent yields from massive stars are correct, then the expectation is that the oxygen decline to higher metallicity stars in the bulge, as evidenced by [O/Mg] and [O/Fe] trends, should be accompanied by an increase in the [C/O] ratio. Thus, the [C/O] ratio in the bulge provides a test for the conclusions of McWilliam et al. (2008) . We note that since C and O are thought to be produced only during hydrostatic phases of stellar evolution the [C/O] versus [O/H] trend in the Galaxy should be considerably simpler to predict than [C/Fe] and [O/Fe] , because iron is produced in the hard to model explosions of Type Ia and Type II SNe in quantities that are not well predicted. Indeed, even the theoretical yields for Mg from Type II SNe (e.g. from ⋆ email to: cescutti@oats.inaf.it WW95) are not well predicted and it has been necessary for modellers to employ semi-empirical yields from Galactic chemical evolution models (e.g. François et al. 2004) .
In this paper we analyse the effects of stellar yields with mass loss on carbon and C/O ratios, both in the bulge and the disk. As mentioned before, the decreased O production results in an increased C production and this effect needs to be tested with the observational data. Besides the Maeder (1992) yields, we have included in the chemical evolution models C and O yields from massive stars by Meynet & Maeder (2002) , computed with a lower rate of mass loss but including rotation; yields for Z=0.02 stars, which were not given in the original paper, were taken from Chiappini et al. (2003b) . Yields for super-solar metallicity stars are not available.
The paper is organized as follows: in Section 2 we describe the observational data, in Section 3 we recall the main assumptions of the adopted chemical evolution models, in Section 4 we describe the adopted stellar yields, in Section 5 we show the results for the bulge and the disk of the Milky Way. Finally, in Section 6 some conclusions are drawn. and 8727Å, respectively, because these lines have negligible non-LTE abundance corrections. This is unlike the allowed C I and O I transitions with large predicted non-LTE corrections, the estimated values of which have varied significantly (e.g. Fabbian et al. 2006 Fabbian et al. , 2009 . The insensitivity of the forbidden lines to non-LTE effects is partly due to the long lifetimes of the upper levels, which allows collisions to set the populations to their local thermodynamic values. However, a cause for care and concern is that the forbidden [C I] and [O I] lines are rather weak in the turnoff and dwarf stars, with equivalent widths typically in the range 2-12 mÅ. Also, only in the last few years it has been appreciated (Allende Prieto et al. 2001 ) that the [O I] line at 6300Å is blended with a Ni I line; and that the [C I] feature contains a weak Fe I blend (e.g. Bensby & Feltzing 2006) and lies in the wing of a stronger Si I line. We note, in passing, that the largely ignored [O I] line at 6363Å is much weaker than the line at 6300Å and often gives discordant results, which we presume is related to the fact that it lies in the middle of a broad Ca I auto-ionization feature which depresses the central [O I] line depth; most studies fail to take the Ca I auto-ionization feature into account, resulting in spurious oxygen abundance results.
Observational data
In this paper we employ forbidden line carbon and oxygen abundances of thin and thick disk dwarf/turnoff stars from two main sources: Bensby & Feltzing (2006) and the corrected oxygen abundances of Nissen & Edvardsson (1992) and carbon abundances from Gustafsson et al. (1999) and Andersson & Edvardsson (1994) . Nissen (private communication) kindly supplied the revised oxygen abundances, from the [O I] 6300Å line, corrected for the Ni I blend (which was not a known problem in 1992). While Nissen did not publish the corrected oxygen abundance values they do appear in Fig. 9 of Nissen et al. (2002) . We have performed calculations which roughly confirm Nissen's corrections. In Nissen's private communication to us he also included abundances for two extra, unpublished, halo stars.
In Fig. 1 by the red giants is that stellar evolution effects, during the first dredge-up phase, cause their atmospheres to be altered from their original CNO composition. In the first dredge-up the atmospheres are contaminated by material that previously experienced proton-burning by CN cycle core burning (e.g. Iben 1964 Iben , 1967 Becker & Iben 1979) . Typically, solar neighborhood red giant atmospheres show ∼0.2 dex carbon depletions, but 1 dex depletions are also found (e.g. Lambert & Ries 1981) .
However, because most of the missing carbon is turned into nitrogen the original carbon abundance can be estimated from the sum of C+N. This is a useful trick for measuring the primordial carbon abundance in red giants, and especially important for studying the Galactic bulge C/O trend, since the bulge dwarfs are too faint for routine high resolution abundance studies 1 ; thus, red giant stars provide the main probe to effectively explore the Galactic bulge C/O trend.
In Fig. 2 Mishenina et al. (2006;  black filled squares); to do this we sum the C and N abundances but we also subtract an estimate of the original N abundance, based on the solar N/Fe ratio, which amounts to almost 0.10 dex. dwarf results of Bensby & Feltzing (2006) . However, the M08 results for the thick disk are in good agreement with the Bensby & Feltzing (2006) values, but with somewhat larger scatter. McWilliam, Fulbright and Rich (2009, in progress, henceforth MFR09) 
The chemical evolution models
For studying the chemical evolution of the solar neighbourhood, we adopted the model of François et al. (2004) , which is an implemented version of the original model by Chiappini et al. (2003a) .
This model assumes that the Galaxy formed by means of two main accretion episodes, one giving rise to the halo and thick disk and the other forming the thin disk. The infalling gas is always assumed to be of primordial composition. Detailed nucleosynthesis from low and intermediate mass stars, Type Ia and Type II SNe is taken into account. The IMF is taken from Scalo (1986) . For details of this model see François et al. (2004) .
For the bulge, we adopted the model of Ballero et al. (2007a) , which assumes a rapid formation timescale, of 0.3-0.5 Gyr, from gas accumulated during the Halo collapse. The efficiency of star formation (star formation per unit mass of gas) is 20 times higher (i.e. 20Gyr −1 ) than in the solar vicinity (1Gyr −1 ). The IMF is flatter than in the solar vicinity, as required by the observed bulge stellar metallicity distribution: we assumed the following IMF: x=0.95 for stars with m > 1M ⊙ , and x=0.33 for stars with m ≤ 1M ⊙ (see Ballero et al. 2007a for details of this model).
Nucleosynthesis Prescriptions
In this work we investigate 3 different prescriptions for the yields from massive stars, in particular: i) the metal dependent yields of Woosley & Weaver (1995, hereafter WW95) , ii) the metal dependent stellar yields from massive stars of Meynet & Maeder (2002, hereafter MM02) , which take into account the effects of mass loss and rotation on stellar evolution, used also in Chiappini et al. (2003b) , iii) the yields with mass loss and no rotation of M92. It is worth noting that both the M92 and MM02 yields from massive stars include mass loss by stellar winds, but the MM02 calculations adopt a significantly lower rate of mass loss. The recent mass loss rates are factors of 2 to 3 times lower than previously adopted by M92 and they include stellar rotation. results compared to those obtained with the van den Hoek & Groenewegen (1997) yields. We then adopted the latter ones for consistency with our previous paper (McWilliam et al. 2008 ).
We note that the more recent oxygen yields of Hirschi et al. (2005) are significantly higher than MM02, by factors of 2-3. In fact, Hirschi et al. (2005) stellar evolution calculations were carried out with different input parameters (e.g. different amounts of overshooting). Moreover they only included material lost in the wind, and nucleosynthesis up to the pre-SN stage; they did not include any treatment of the supernova explosion, explosive nucleosynthesis calculations (e.g. explosive O burning), or other issues related to SN nucleosynthesis yields, as discussed in WW95 and many other works. Therefore, we avoid combining these different set of yields which otherwise would produce an artificial metallicity dependency of the oxygen yields.
The M92 and MM02 yields did not perform supernova nucleosynthesis calculations, but they employed the Arnett (1991) relationship between O yield and the M α core mass to determine their oxygen yields. The Arnett (1991) O yield relationship with M α is very similar to the independent result of WW95.
For Fe we compute all the models with the stellar yields by WW95 at solar metallicity for Type II SNe, which give the best agreement for the solar vicinity (see François et al. 2004 ).
For the yields from SNe Ia we adopt those of Iwamoto et al. (1999) where each SN produces 0.6M ⊙ of Fe.
Results
We run several models for both the bulge and the solar vicinity with yields from massive stars taken from various authors: A) metallicity-dependent WW95 yields, without mass-loss; B) WW95 yields for metallicities below solar and the M92 yields (with mass loss) for Z ≥ Z ⊙ ; C) WW95 yields for metallicities lower than solar and MM02 yields (including mass-loss) for Z ≥ Z ⊙ ; D)
MM02 metal-dependent yields (with mass loss) only.
In Fig. 4 we show the results of four chemical evolution models compared with the solar neigh- Fig. 4 is that the thin disk shows higher [C/O] ratios than the thick disk, due to increased carbon yields from low mass stars; our predictions show such increased carbon yields on long time scales (from low mass stars) for the thin disk only. Our thin disk models suggest that approximately 50% of the carbon produced along the whole galactic history comes from low mass stars.
We presume that, similar to the bulge, the thick disk evolved more rapidly than the thin disk We draw attention to the inflection points in our thin disk models in Fig. 4 
, where [O/H] appears
to decrease temporarily. This is due to the competition between the star formation rate (SFR) and the gas infall rate. In fact, in the two infall model a gap in the SF is naturally produced at the end of the halo-thick disk formation. Such a gap is mainly due to the different infall episodes coupled with a threshold in the gas density for SF (see also a discussion of this point in Chiappini et al. 2003b) .
At the inflection point, star formation is not active because the infalling gas forming the thin disk has still a density below the threshold. Therefore, O is no more produced while the thin disk is growing by means of H infalling gas. At later times, on long timescales, the disk [O/H] increases again, due to the activation of SF and to the diminishing effect of the declining infall rate. Also, the gested an increased solar oxygen abundance, by 0.05 dex (Scott et al. 2009 ). Other zero-point shifts may occur if theoretical yields are over/under estimated, or sources omitted; however, differences between predicted trends between the thin disk and bulge/thick will be more robust.
In Fig. 5 we show the [C/O] versus [O/H] data and predictions from our bulge models. We note that for the models that employ the MM02 and M92 yields we have interpolated the metallicitydependent yields between Z=0.02 and Z=0.004. We believe this to be a reasonable procedure, but if this interpolation is not adopted then the predicted [C/O] trends rise nearly vertically, much steeper than the gentle positive slope described by the data; we have employed this same interpolation of yields over metallicity for the thin disk models previously described. We first note that the predictions with the metallicity-dependent yields from WW95 completely fail to match the bulge A decrease in the 12 C(α,γ) 16 O rate, although we are unable to give a quantitative estimate or say whether this can reasonably be the case. 3. An extra source of carbon at low metallicity could be provided by low metallicity massive binaries. We recall that an early suggestion for the production of Wolf-Rayet (WR) stars was through Roche lobe mass-loss/stripping of the outer envelopes of massive stars (Paczyński 1967) . While this mechanism is not favored as the main source of WR stars in the Magellanic Clouds and Galaxy, it should have occurred at some level, even in low metallicity massive binaries. Given that the stripping of the envelopes of massive stars by winds at solar metallicities is responsible for the increased carbon and decreased oxygen yields, it seems possible that metal-poor WR stars formed through Roche-lobe mass loss in binary systems would also have increased carbon and decreased oxygen yields. Quantitative calculations are required to determine whether this mechanism could have produced the observed [C/O] ratio in metal-poor bulge stars. We assume that at high metallicity the Roche lobe stripping of metal-poor massive binary star envelopes is pre-empted by the effects of metallicity-dependent winds, so this particular extra source of carbon probably mainly affects the metal-poor regime. Finally, we should take in account that another option to explain the disagreement between predictions and observations is represented by the uncertainties in the observational data.
In distribution nor for the mean metallicity in the bulge (see Ballero et al. 2007b , Pipino et al. 2008 ).
Finally, part of the problems could reside in the still uncertain Mg yields.
Discussion and Conclusions
We have reviewed stellar CNO abundances in the thin and thick disks and the bulge of the Galaxy.
Because the bulge red giant stars envelopes are contaminated by first dredge-up, CN processed, the Galactic bulge. We assume that the common trends in these two systems is due to higher star formation rates, and faster formation timescales, than occurred in the thin disk. However, the higher [Mg/Fe] in the bulge than the thick disk (FMR07) is evidence that the bulge formed more quickly.
Still, while the bulge and thick disk probably formed fairly rapidly it is remarkable that these two systems have such different mean metallicities (∆[Fe/H]∼ 0.5 dex).
As mentioned earlier, Ballero et al. (2007a,b ) employed a shallow IMF (i.e. more high mass stars) in order to fit the bulge stellar metallicity distribution as well as the bulge mean metallicity with a rapid formation timescale. Similarly, it may be that while the thick disk and the bulge both formed fairly quickly (at least relative to the thin disk), metallicities may largely reflect different SF efficiencies (lower in the thick disk, Chiappini 2009), and/or different IMFs. In other words, our best model for the bulge cannot reproduce the mean metallicity and the metallicity distribution of the thick disk stars.
While our models naturally explain the increase in the [C/O] ratio to higher metallicity, there is a plateau at low [O/H] in the bulge data; a similar plateau is also seen in our models, but ∼0.2 dex lower than the observations. While this plateau problem could, in principle, be solved with a change in the bulge IMF this would lead to a conflict with the observed mean metallicity and the rapid bulge formation timescale indicated by [Mg/Fe] ; thus, we rejected appeals to the IMF to solve the problem. The under-predicted plateau suggests to us that there is a missing source of carbon in our models, and/or an under-production of oxygen. Extremely metal poor stars (Z ∼ 10 −8 ) can be very fast rotators, suffer heavy mass loss and produce that extra C (Hirschi 2006 , Chiappini & al. 2006 ), but to explain the plateau such a production should extend also to stars with higher metallicities. Another cause, although prosaic, can be an incomplete stellar evolution physics, wind physics, or error in the adopted 12 C(α,γ) 16 O rate. We highlight an alternative explanation: stripping of the envelopes of massive stars in binary systems through Roche lobe overflow, which would work even at low metallicity where winds don't. We presume that this form of envelope stripping would also result in an increase in carbon yield at the expense of oxygen. Finally, the disagreement between theory and observations could be ascribed to observational uncertainties.
